Dietary choline deprivation (CD) is associated with behavioral changes, but mechanisms underlying these detrimental effects are not well characterized. For instance, no literature data are available concerning the CD effects on brain mitochondrial function related to impairment in cognition. Therefore, we investigated brain mitochondrial function and redox status in male Wistar rats fed a CD diet for 28 d. Moreover, the CD behavioral phenotype was characterized.
Introduction
Choline, an essential nutrient in humans and animals, is obtained either from the diet or from the catabolism of phosphatidylcholine (PC). 7 In hepatocytes, PC is generated via methylation of phosphatidylethanolamine by the enzyme PENmethyltransferase (PEMT), localized to the endoplasmic reticulum (1) . Production of PC from the PEMT pathway followed by PC catabolism is the only endogenous pathway for choline biosynthesis, but the rate of endogenous synthesis is not sufficient to maintain normal liver function (2) . Therefore, PEMT becomes even more critical when dietary choline is not adequate. Complete choline deprivation (CD) can be achieved by feeding Pemt 2/2 mice a CD diet, and this results in rapid liver failure and lethality (2, 3) . In liver mitochondria, choline is oxidized to betaine, which serves as a methyl group donor for the remethylation of homocysteine to methionine and S-adenosylmethionine, which binds to several residues of PEMT exposed on the cytosolic surface of the endoplasmic reticulum (4) . During CD, the activity of hepatic choline oxidase is almost completely curtailed in Pemt 2/2 mice and, at the same time, biliary PC secretion is dramatically reduced (3) . Because these are the 2 major pathways for choline removal, it is assumed that both are suppressed as a mechanism for maintaining choline homeostasis. Choline is also used for the synthesis of PC, sphingomyelin, and lipid mediators (1) .
In neurons, choline is the precursor of acetylcholine (ACh). The high-affinity choline-specific transporter provides choline for the ACh synthesis in all cholinergic neurons, whereas the intermediate-affinity choline transporter-like proteins are ex-pressed in different cell types and apparently provide choline for only the PC production but not for the ACh synthesis (5) . In CDPemt 2/2 mice, the brain does not exhibit CD and, in addition, choline oxidase activity, as well as the expression of choline transporters, are not altered, although these mice rapidly die of severe liver failure (3) . In this extreme model of CD, choline redistribution from other organs to the brain is supposed to occur. Thus, mobilization of choline from extrahepatic tissues appears to be an acute response to severe CD.
In wild-type models, dietary CD causes liver steatosis (6) , increases sensitivity to carcinogens (7) , and promotes reactive oxygen species (ROS) generation and complex I dysfunction (8, 9) leading to mitochondrial imbalance. Accordingly, in cultured rat hepatocytes, CD induces mitochondrial dysfunction and apoptosis (10) . As far as the relationship between CD and behavioral phenotype is concerned, rats fed a CD diet become learning impaired and have a low ACh concentration in the whole brain (11, 12) . Moreover, CD causes a decrease in the spontaneous memory decay in the staircase maze (13) . Also, CD rats have a poor retention of aversive memory in the passive avoidance task, a decreased choline level in the cerebrospinal fluid, and a decreased hippocampal ACh release (14) . Therefore, because variations in the daily intake of choline modify brain choline and ACh, it is likely that mammalian brain ACh synthesis responds rapidly to changes in precursor availability (15) . This implies that the mechanism maintaining ACh synthesis on increased neuronal demand may vary in response to dietary manipulation. In neural precursor cells, CD deregulates gene expression for cell proliferation, differentiation, methyl group metabolism, and apoptosis (16) , thus supporting the choline essentiality for specific neuronal function.
All together, these data suggest that, over time, choline production via biosynthesis and degradation of PC is not sufficient to maintain normal liver and brain functions under dietary deprivation with consequent liver failure and impairment in cognition. A functional relationship between liver and brain is suggested by the appearance of brain dysfunction as a characteristic complication of both acute and chronic liver failure (17) . An increased acetylcholinesterase activity has been observed in the brain cortex of patients who died from hepatic coma and in rats with chronic cholestasis (17) .
The adequate daily intake of choline is 0.55 g for men and 0.425 g for women (18) . Because the food content varies considerably (19) , there is marked variability in choline intake. Choline deficiency is thought to have an impact on human diseases, including liver diseases, atherosclerosis (via lipoprotein secretion), cardiovascular diseases (via accumulation of homocysteine), and possibly neurological disorders. Certain human categories, such as pregnant and lactating women, infants, patients with liver cirrhosis, and those on parenteral nutrition, are at risk for CD (20) .
Based on this background, we assessed brain mitochondrial function and redox state along with the behavioral phenotype (motor or cognitive disturbance) in rats maintained under dietary CD.
Materials and Methods
Rats and diets. All experiments were performed according to the guidelines and protocols approved by the European Union (EU Council 86/609; D.L. 27.01.1992, no. 116) and by the Animal Research Ethics Committee of the University of Bari, Italy.
Male Wistar rats (initial body weight 276 6 2.28 g) aged 60 d purchased from Harlan (S. Pietro al Natisone, Italy), were housed 2/cage at constant room temperature, consumed food and water ad libitum and maintained on a 12-h-light/-dark cycle. Rats were assigned to 2 groups: CD (n = 60) fed a CD diet for 28 d (118753 Lombardi diet, from Dyets), which induces liver steatosis by blocking the efflux of triglycerides from the liver (21) or control (CTRL; n = 60), fed a standard diet containing choline 1.12 g×kg 21 (2018 Teklad from Harlan). Previous data have shown that this standard diet has the same effect on the liver as a semipurified diet containing adequate levels of choline (22) . The CD diet contained the same amount of folate, methionine, and other nutrients as the CTRL diet. To balance the absence of choline, only the sucrose content was compensatorily increased ( Table 1) .
CTRL and CD rats were randomly assigned to biochemical assays and behavioral studies as reported below.
Body and liver weights. Body weight in the CD (n = 60) and CTRL (n = 60) rats was monitored before and at the end of dietary manipulation. The liver was explanted from the same CTRL (n = 8) and CD (n = 8) rats used for biochemical assays and immediately weighed. The organ weight was normalized to the body weight.
Biochemical assays. CTRL (n = 8) and CD (n = 8) rats were killed by decapitation, brains were rapidly removed, rinsed free of blood, and placed in ice-cold mitochondrial isolation buffer. Each biochemical assay was performed in duplicate.
Isolation of mitochondria. Pooled brain tissues from 2 rats were used for each mitochondrial preparation. Mitochondria were prepared according to Rosenthal et al. (23) Protein concentrations. Protein concentrations were determined according to the Bradford method (24) using bovine serum albumin as standard.
Oxygen consumption rates. The respiratory activity of freshly prepared brain mitochondria from CTRL and CD rats was measured polarographically with a Clark-type oxygen electrode in a waterjacketed chamber (Hansatech Instruments) at 258C. Mitochondria were suspended at a final concentration of 0.4 g/L in a medium containing 300 mmol/L mannitol, 0.2 mmol/L EDTA, 10 mmol/L K-phosphate buffer, pH 7.4, 10 mmol/L KCl, 10 mmol/L Tris-HCl. The assay mixture was supplemented with 0.3 mmol/L P 1 ,P 5 -di(adenosine- Mitochondrial respiratory enzyme activities and citrate synthase. Complex I (CI), CII, CII+III, CIV, and citrate synthase activities were measured spectrophotometrically as previously described (25) .
Mitochondrial ROS production. The rate of mitochondrial ROS production was estimated by measuring the linear fluorescence increase (excitation 475 nm, emission 525 nm) caused by the H 2 O 2 -dependent oxidation of dichlorofluorescin (DCFH) to the fluorescent compound dichlorofluorescein in the presence of horseradish peroxidase (26) . Immediately prior to determinations, DCFH was obtained from the stable reagent DCFH-diacetate by alkaline treatment (27) . Conversion of fluorescence units to nmol of H 2 O 2 produced was performed by measuring the fluorescence changes upon the addition of known amounts of H 2 O 2 . ROS production was measured in the presence of PM, succinate, and succinate + rotenone.
Phospholipids in mitochondrial membranes. Mitochondrial phospholipids were analyzed by HPLC using a Hewlett Packard series 1100 gradient liquid chromatograph. Lipids from mitochondria were extracted with chloroform/methanol as previously described (28) . Phospholipids were separated by HPLC with a Lichrosorb Si60 column (4.6 3 250 mm) and detected at 206 nm as previously described (29) .
Biochemical markers of oxidative stress. Protein carbonyl (Pox) detection was performed as described in Shacter et al. (30) . Mitochondrial proteins (20 mg) were incubated with 2,4-dinitrophenylhydrazine, subsequently separated by 12% SDS-PAGE gel electrophoresis according to Schä gger et al. (31) , and transferred to a nitrocellulose membrane. The nonspecific binding of antibodies was blocked with 5% (wt:v) nonfat dry milk in 20 mmol/L Tris, 0.5 mol/L NaCl, pH 7.4, 0.05% (v:v) Tween 20. Membranes were then incubated overnight with a rabbit antidinitrophenyl-antibody (Molecular Probes) at 0.2 mg/L. After extensive washing, the membranes were incubated with peroxidase-conjugated goat-anti-rabbit IgG for 1 h and Pox were detected by chemiluminescence. Nitrocellulose membranes were subjected to silver staining to confirm equal loading of proteins and densitometric analysis of total carbonylated proteins and total loaded proteins was performed (Quantity One Bio-Rad).
The concentrations of total (GSH) and oxidized (GSSG) glutathione were enzymatically determined by the GSSG recycling procedure (32) . Protein sulfhydrils (PSH) and mixed disulfides (PSSG) were measured as previously described (33) .
Behavioral studies
To eliminate bias due to previous behavioral history (34) , CTRL (n = 52) and CD (n = 52) rats were randomly assigned to a single behavioral test as follows: locomotor activity (n = 8); rotarod (n = 8); accelerod (n = 8); passive avoidance (n = 10); and active avoidance (n = 10). Because intact muscular strength is instrumental for the performance on a rotating rod (35) , subgroups of CTRL (n = 8) and CD (n = 8) rats were assigned to the forelimb grip strength test according to the method previously described (36) . Locomotor activity. Motor activity was recorded according to the method described by Wedzony et al. (37) using an Opto-Varimex apparatus connected to software (Columbus Instruments). Ambulatory activity, resting time, rearing, and time spent in the central part of the open field arena were monitored during a 10-min session and analyzed using AUTOTRACK software (Columbus Instruments).
Rotarod/accelerod test. Experiments were performed as described previously (38) using a device consisting of a computerized electronically controlled system (TSE System) composed of a 4-lane rotating drum (6 cm Passive avoidance task. Experiments were performed as described previously (39) using the passive avoidance apparatus (Ugo Basile). Passive avoidance is a 2-d task assessing aversive memory. This 1-trial test pairs a foot shock with the entry into a dark chamber. In the training session (d 1), rats were individually placed in the lighted chamber for 10 s and the latency to enter the dark chamber (approach latency) was measured as a control for visual ability and motor activity. Immediately after the rat entered the dark chamber, a 0.8-mA, 2-s foot shock was delivered. Rats remained in the dark compartment for a further 10 s to allow them to associate the dark compartment with the received foot shock. In the retention test session (d 2), rats were placed in the lighted compartment and the door was opened. The latency to enter the dark compartment (avoidance latency) was measured (cutoff time 180 s).
Active avoidance task. Experiments were performed as described previously (40) using a device consisting of a 2-way avoidance box (Ugo Basile). Two-way active avoidance is a type of conditioning that results in associative learning. Essentially, rats learned to avoid a 0.5-mA, 2-s foot shock (unconditioned stimulus), signaled by a 80-dB, 10-s tone (conditioning stimulus), moving into the opposite chamber [conditioned avoidance response (CAR)]. The test was performed in 1 single day and consisted of a 100-trial session scheduled in 4 blocks, each consisting of 25 trials with a 50-s inter-trial interval.
Statistical methods. Body weight gain was analyzed using repeatedmeasures ANOVA (dietary group 3 day of treatment, with the day of treatment as a repeated measure). All biochemical data as well as differences in the liver weight and locomotor activity were analyzed using the Student's t test. Differences in motor coordination and motor learning were first analyzed using repeated-measures ANOVA, treatment 3 rpm, with rpm as a repeated measure (rotarod); treatment 3sessions, with session as a repeated measure (accelerod). In the absence of significant interactions, a selective post hoc test (Tukey's multiple comparison test) was performed on the basis of data inspection as suggested by Wilcox (41) . Concerning the passive avoidance task, differences in the acquisition or retention trials were analyzed using the nonparametric Mann-Whitney U test, because variances were unequal. Concerning the avoidance task, differences in CAR and latencies to escape the aversive stimulus were first analyzed using repeated-measures ANOVA (treatment 3 blocks, with block as a repeated measure). Differences between CTRL and CD rats within each block were analyzed using the Student's t test.
Results

Body and liver weight
Body weight of CD and CTRL rats increased during the study (P , 0.005) with comparable 36 and 34% gains in the CD and CTRL rats, respectively. The relative weight of livers explanted from CD rats (4.138 g 6 0.24/100 g body weight) was greater (P , 0.005) than that of CTRL rats (3.226 g 6 0.07/100 g body weight).
Biochemical assays
Mitochondrial oxidative phosphorylation. Oxidative phosphorylation capacity of mitochondria was investigated by following oxygen consumption. The PM-dependent respiration rate was lower both in state III (17 6 6.8%; P , 0.01) and in state IV (15 6 4.5%; P , 0.01) in brain mitochondria from CD rats compared with CTRL, with no difference in succinatedependent respiration (Fig. 1A) . The efficiency of oxidative phosphorylation expressed as the nmoL ATP:natom oxygen ratio and the ATP production did not differ between groups with both respiratory substrates (data not shown). The maximal respiratory fluxes analysis, measured in the presence of CCCP, did not differ for both PM-and succinate-dependent respiration, whereas the ascorbate/N,N,N',N'-tetramethyl-p-phenylenediamine-supported respiration was 18 6 5.6% lower in CD rats than in CTRL rats (Fig. 1B) .
Mitochondrial respiratory activities and citrate synthase. CII, CII+III, and citrate synthase activities did not differ between the 2 groups, whereas CI and CIV activities were 40 6 3.5% and 36 6 10.5% significantly lower, respectively, in CD rats compared with CTRL rats ( Table 2 ). The mitochondrial enzyme activities of the 2 groups of rats expressed as relative to citrate synthase, used as mitochondrial matrix enzymatic marker, had the same pattern of variations so far described (data not shown).
ROS production. A significantly higher basal rate of H 2 O 2 production has been reported in liver mitochondria from CD compared with control rats (9). We measured the H 2 O 2 -dependent oxidation of DCFH in brain mitochondria undergoing state 4 respiration. The rate of H 2 O 2 production was significantly higher in the presence of NAD-dependent substrates (65 6 10.9%) or succinate (contribution by CI-III complexes) (80 6 21.9%) in brain mitochondria from CD rats compared with CTRL rats (Fig. 2) . When rotenone was added to prevent backflow of electrons to the CI site, H 2 O 2 production decreased in the mitochondria of both groups, with the residual H 2 O 2 production higher (24 6 5.4%) in CD rats compared with CTRL rats (Fig. 2) .
Phospholipids in mitochondrial membranes. The mitochondrial concentrations of phosphatidylserine and cardiolipin were 25 6 2.8% and 20 6 4.5% lower, respectively, in CD than in CTRL rats ( Table 3) .
Oxidative markers. The mitochondrial GSH and PSH concentrations were significantly lower (28 6 1.7% and 30 6 3.6%, respectively) in CD rats compared with CTRL rats, with parallel higher levels of Pox (40 6 16.9%), PSSG (317 6 86.3%), and GSSG (65 6 15.9%) (Fig. 3) .
Behavioral studies Locomotor activity. CD affected neither the activity nor the emotionality/anxiety level assessed using the open field paradigm. Distance traveled, time spent in the central part of the open field arena and number of rearing did not differ between CTRL and CD rats (data not shown).
Rotarod/accelerod test. In the rotarod test, which allows the study of motor coordination, the latency to fall was shorter in CD than in CTRL rats, in particular at 5 (P , 0.001), 10 (P , 0.01), and 15 (P , 0.05) rpm (Fig. 4A) . In the accelerod test, which allows the study of motor learning (42) , the latency to fall was shorter in CD than in CTRL rats, in particular at the 3rd (P , 0.05) and 4th (P , 0.001) sessions (Fig. 4B) . The forelimb grip strength did not differ between CTRL and CD rats (data not shown). FIGURE 2 ROS production in brain mitochondria from CTRL and CD rats. Values are means 6 SEM, n = 4 (means of duplicate measures). Asterisks indicate different from CTRL rats: **P , 0.01; ***P , 0.005.
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Passive avoidance task. Neither the approach latencies (acquisition trial) nor the avoidance latencies (retention trial) differed between the CTRL and CD rats, suggesting no difference in the aversive memory (data not shown).
Active avoidance task. CAR (i.e. attempts to avoid foot shock) increased significantly over blocks in both CTRL and CD groups with a significant difference between the 2 groups at the 3rd and 4th blocks (Fig. 5) , thus proving CD impairment in the associative learning. Neither escape nor avoidance latencies were different between CTRL and CD rats (data not shown).
Discussion
There is accumulating evidence that CD-induced fatty liver is associated with mitochondrial imbalance and ROS overproduction (6, 43) , although the fine mechanisms are still not completely elucidated. Moreover, data from the literature provide evidence for a causal relationship between dietary CD and impaired cognition in humans and rats (44) , but mechanisms 1 Data are means 6 SEM, n = 3 (means of duplicate measures). *Different from CTRL, P , 0.05.
FIGURE 3
Oxidative stress markers in brain mitochondria from CTRL and CD rats. Mitochondrial concentration of GSH (A), GSSG (B), PSH and PSSG (C). Representative anti-dinitrophenyl western blot (D) and silver stained nitrocellulose membrane (E). Densitometric analysis of total carbonylated proteins normalized to total loaded proteins (F). Values are means 6 SEM, n = 3 (means of duplicate measures). Asterisks indicate different from CTRL rats: *P , 0.05; ***P , 0.005.
FIGURE 4 Latency to fall in the rotarod (A) and accelerod (B)
procedures in CTRL and CD rats. Values are means 6 SEM, n = 8. Asterisks indicate different from CTRL rats: *P , 0.05; **P , 0.01; ***P , 0.005. underlying these detrimental effects are not well characterized. For instance, no literature data are available concerning the CD effects on brain mitochondrial function related to impairment in cognition. Therefore, we investigated the effect of CD on brain mitochondrial function, redox balance, and cognitive tasks. The present findings show biochemical changes associated with behavioral alterations in CD rats. According to the literature (45), CD caused no change in body weight gain and, similar to bile duct-ligated (BDL) rats, an animal model of liver failure (17) , increased the liver weight.
Biochemical findings. In brain mitochondria from CD rats, a marked decrease of respiratory fluxes occurred when NADdependent substrates were used instead of succinate. These findings point to CI as the altered step in brain mitochondrial dysfunction, confirmed by the decrease of its specific activity. Damaged mitochondria respiratory chain, and CI in particular, is considered to be a major source of ROS (46, 47) . In the present study, the decreased NADH-dependent respiration in CD rats was accompanied by an increased H 2 O 2 leakage from mitochondria, confirmed by the large H 2 O 2 production mainly coupled to DC-driven reverse electron transfer from succinate to CI. Accordingly, an enhanced ROS formation associated with mitochondrial CI impairment also occurs in the liver of rats fed a CD diet (8, 9) . In addition, it has been shown that the CDinduced effect on CI activity is caused by an ROS-dependent cardiolipin peroxidation (9) . Consistent with these findings, we demonstrated that in brain mitochondria from CD rats, changes in phosphatidylserine and cardiolipin levels are the most pronounced CD effects on the phospholipid content. Cardiolipin is specifically required for the optimal activity of CI and CIV (48) . Thus, changes in the cardiolipin mitochondrial content observed in CD rats are likely due to ROS attack to its unsaturated fatty acid constituents and might be at least in part responsible for the decreased CI and CIV activities. These findings are consistent with the role of cardiolipin in mitochondrial bioenergetics (48, 49) . Mitochondria, while acting as ROS producers, also represent primary targets of free radical damage, the final effect being the result of a dynamic equilibrium between ROS production, antioxidant defense, and repair systems (50) . Mitochondrial function is closely dependent on redox balance and the redox status of GSH and other thiols plays a critical role (51) . In the brain, GSH is a major antioxidant, capable of protecting cells from free radical damage. As a reductant, GSH maintains intracellular PSH in the reduced and active form by either the reduction of potentially toxic peroxides or the action of thioldisulfide exchange reactions. Consistent with findings reported in the liver mitochondria (6), the marked decrease in the PSH level and the pronounced increase in Pox and PSSG levels in the brain of CD rats prove the enhanced rate of protein oxidation. It should be stressed that mitochondrial CI possesses critical active thiol groups (52) that can sense the cellular thiol status, thus making this complex particularly vulnerable to oxidative modifications (53) .
Behavioral findings. The behavioral phenotype of CD rats was characterized by impairment in motor coordination and motor learning, as indicated by failure to stay on the rotating rod as long as CTRL rats. The rotarod/accelerod task depends on the proper functioning of circuitries that involve different brain regions, including cerebellum, spinal cord, and cerebral cortex (54) . Therefore, long-term CD likely alters the proper functioning of neurons in those regions controlling this task. In particular, a network of cortical areas, including the supplementary motor area and premotor and primary motor cortex, not only encodes kinematic and dynamic processes of motor execution but also registers changes in encoding that could provide a substrate for motor memory (55) . Therefore, CDinduced impairment in brain mitochondria could disrupt cortical processing during dynamic motor adaptation. Interestingly, a mild impairment in motor coordination and a decreased motor activity also occurs in BDL rats (17, 56) .
Further, memory function was assessed with the passive avoidance task. This 2-d task is designed to test the ability of rats to avoid an aversive event by first learning to perform a specific behavior in response to a stimulus cue (57) . The present findings show that dietary CD, at least for 28 d, does not influence the acquisition/retention phases of the passive avoidance task, thus indicating that the short-term aversive memory is not altered. Instead, impairment in the retention phase of this task has been reported in rats fed a CD diet over 28 d (14) . Moreover, CD impairs rat performance in the object exploration task, which explores emotionality and memory ability (17) , but it does not alter the rat performance in the Morris Water Maze (45), a wellvalidated task for spatial memory. Therefore, it could be supposed that different results may be achieved depending on either the duration of dietary manipulation or the specific paradigms used to evaluate different types of cognition.
Finally, learning function was assessed with the active avoidance task. This 1-d task is designed to test the ability of rats to avoid a signaled noxious stimulus by initiating a specific locomotor response (57) . Although CD rats, similar to CTRL rats, improved in performance over blocks, the number of attempts they made to avoid foot shock was affected, thus suggesting CD impairment in the associative learning. Overall, the behavioral findings show that CD causes cognitive dysfunction and that motor and learning tasks are more sensitive to CD than memory tasks probably requiring a more prolonged dietary manipulation or additional risk factors to be affected. Strikingly, the behavioral phenotype of CD rats resembles that of BDL rats also showing impairment in cognitive tasks and motor disabilities (17) , thus strengthening the hypothesis on the existence of a functional liver-brain axis.
In conclusion, a decline in respiratory activity occurs in brain mitochondria isolated from CD rats and in particular of CI activity, which plays a fundamental role in cellular energy production by oxidative phosphorylation (58) . The molecular basis of this decline seems to be at least in part related to a lower content of the mitochondrial phospholipids, particularly cardiolipin, which could alter diverse mitochondrial functions, including stabilization of respiratory chain supercomplexes, which prevents excess ROS formation (59) . Mitochondrial damage is a prerequisite for net ROS production. Once this occurs, a vicious cycle can ensue whereby ROS can further damage mitochondria, causing higher free-radical generation and loss or consumption of antioxidant capacity. Compared with the brain, liver mitochondria from CD rats have a lower amount of PC and very long chain PC variants (8) , the time course of PC perturbation being correlated with the development of respiratory dysfunction. However, either in the liver or brain mitochondria, an early event induced by CD is the appearance of oxidized lipids that might directly and preferentially inactivate CI and this, in turn, would lead to a higher ROS production (8) . Cardiolipin and phosphatidylserine of brain mitochondria are rich in unsaturated fatty acids and are thus particularly susceptible to ROS-induced oxidation/depletion. In addition, we may further hypothesize that changes in the Effect of choline deprivation on rat brain 1077 methylation patterns of relevant genes could also be involved. In conclusion, the CD-induced mitochondrial dysfunction could damage neurons in discrete brain regions that control specific cognitive tasks with consequent changes in the behavioral phenotype. Finally, the present findings suggest that dietary CD may have an impact on human diseases, including not only liver failure but also neurological disorders. Similar to the liver, the brain also responds with biochemical and functional changes to dietary CD, the rate of endogenous synthesis being insufficient to maintain its normal function.
